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DOI: 10.1039/b924992cA highly fluorescent conjugated oligomer, oligo(1-methoxyl pyrene) (OMOPr), was synthesized via
electrochemical polymerization and its structure was studied by UV-vis spectroscopy, MALDI-TOF
mass spectroscopy and ab initio calculation. The organic solutions of OMOPr emit strong blue lights
and show solvatochromic effect, while these fluorescence emissions are quenched upon chain
aggregation in its dry films. On the basis of these phenomena, a turn-on fluorescence sensor was
fabricated and it can be used for detecting volatile aromatic compounds (VACs).Scheme 1 Synthesis route of OMOPr.Introduction
Conjugated polymers (CPs) have attracted wide interest due to
their promising applications in organic electronics, solar cells,
actuators, sensors and biotechnologies.1 Among these polymers,
polypyrene or oligopyrene (OPr) and its derivatives have unique
properties including high crystallinity and blue or multicolored
fluorescence with high quantum yields.2 Therefore, they have
various applications in fluorescence sensing.3 For example, OPr
has been used as a probing molecule for detecting nitroaromatic
compounds both in atmosphere and aqueous media.3a,3b This is
mainly due to the large conjugated pyrenyl rings of OPr chain
backbones that have strong affinity with aromatic molecules.
It is known that pyrene can be electrochemically polymerized
into OPr with 2–10 repeat units.2a,2b,2d However, only OPr with
short chain lengths (2–6 repeat units) are soluble,3a due to its rigid
chain backbones and the lack of graft chains. Therefore, several
derivatives of OPr such as oligo(1-pyrenebutyric acid) and its
ester were synthesized.3b–d,4 These oliogmers are soluble in water
because of their negatively or positively charged side groups.3b–d,5
Nitryl and phenyl substituted OPr have also been synthesized
via electrochemical and chemical polymerizations.6 However,
alkoxyl, an important substituent usually used to adjust the band
gaps and solubility of CPs,7 has not yet been introduced into
OPr. As an electron-rich functional group, alkoxyl can increase
the electron densities of CP backbones and lower the band gaps
of the corresponding polymers.8 Therefore, it is expected that
alkoxyl substituted OPr has unique optical properties for sensing
applications.
In this article, we report the synthesis of oligo(methoxy pyrene)
(OMOPr) through electrochemical polymerization (Scheme 1).
OMOPr is soluble in common solvents such as tetrahydrofuran
(THF) and chloroform, and its solution is highly fluorescent.
Furthermore, the emission of OMOPr showed a solvatochromic
effect in various organic solvents. However, the solid film ofKey Laboratory of Bioorganic Phosphorus Chemistry & Chemical Biology,
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This journal is ª The Royal Society of Chemistry 2010OMOPr exhibited weak emission and its fluorescence could be
strongly enhanced (fluorescence ‘‘turn-on’’) upon exposing to the
vapors of volatile aromatic compounds (VACs). On the basis of
these phenomena, OMOPr films were utilized as sensors to detect
VAC vapors.Results and discussion
Synthesis and electrochemical properties of OMOPr
The monomer, MOPr, was synthesized according to a published
procedure (Scheme 1).9 It was obtained in high yield and well
purified for electrochemical polymerization (Fig. S1†). Fig. 1
shows the cyclic voltammograms (CV) of 0.02 M MOPr in
acetonitrile containing 0.1 M TBATFB. Each CV cycle has a pair
of redox waves attributed to the redox reaction of MOPr 4
MOPrc+ in the potential scale of 0.2 to 1.0 V (vs. Ag/Ag+).
However, the currents of both waves did not increase appreciably
during successive CV scans, implying that only a trace amount of
product was deposited onto the working electrode. Thus, it is
reasonable to conclude that the electrochemically generated
MOPrc+ radical cations were mostly reduced to neutral mono-
mers again during the opposite CV scans. This process was also
reflected by the color change of the electrolyte: when MOPr was
oxidized at high potentials, the color of the solution close to theJ. Mater. Chem., 2010, 20, 2993–2998 | 2993
Fig. 3 Cyclic voltammogram of an OMOPr film in acetonitrile con-
taining 0.1 M TBATFB at a potential scan rate of 50 mV s1.
Fig. 1 Cyclic voltammograms of 0.02 M MOPr in acetonitrile con-













































View Article Onlinesurface of working electrode turned dark, while this color faded
during the opposite CV scan. This phenomenon reveals that the
polymerization of MOPr is a slow process with low current
efficiency. Considering the well-accepted polymerization mech-
anism of aromatic monomers, involving the coupling of two
radical cations, the slow polymerization of MOPr is mainly due
to the low reactivity of MOPrc+.10 The large p conjugated system
of MOPr stabilized its radical cations and reduced the possibility
of coupling reactions.
MOPr has been successfully polymerized potentiostatically at
0.75 V. During this process, the reduction of MOPrc+ species was
prevented and the coupling reaction was accelerated by
increasing the concentration of the radical cations. After elec-
trolysis for 24 h, a brown solid was deposited on the working
electrode surface and also there was some product precipitated
onto the bottom of electrochemical cell. These solids were
collected and treated with hydrazine to reduce any possible
cation species. After careful purification, neutral OMOPr as
a khaki powder was obtained. It is soluble in common solvents
such as chloroform and THF, and its degree of polymerization
was measured by MALDI-TOF mass spectroscopy to be 2–6
(Fig. 2).
The cyclic voltammogram of an OMOPr thin film in acetoni-
trile containing 0.1 M TBATFB is illustrated in Fig. 3. It is clear
from this figure that the oxidation and reduction potentials of
OMOPr are at 0.75 V and 1.54 V vs. Ag/Ag+, respectively. The
oxidation current increases sharply at the potentials higher than
1.2 V vs. Ag/Ag+ due to over-oxidation of the oligomer. As
a result, the electrochemical activity of the oligomer graduallyFig. 2 MALDI-TOF mass spectrum of OMOPr.
2994 | J. Mater. Chem., 2010, 20, 2993–2998disappeared in successive CV cycles. The reduction of OMOPr is
irreversible and the corresponding wave current also decreased
gradually in the following CV scans. These results reflect that
OMOPr is an electron donor, mainly due to the introduction of
the electron-rich alkoxyl substituent.Theoretical studies of OMOPr
To study the molecular structure and the polymerization process
of OMOPr, we performed ab initio calculations using Gaussian
software.11 First, the dimerization reaction was considered.
According to the well-accepted mechanism, the first step of
electrochemical polymerization of an aromatic compound is
oxidation of the monomers to produce radical cations. Then,
a dimer is formed through coupling two radical cations and
successive removal of two protons.10b Since the MOPrc+ radical
cation has several available positions for the coupling reaction, it
is necessary to confirm which position(s) is (are) the most
favorable one(s) for the formation of dimers. According to the
literature, the distribution of spin density in the radical cation
can be used to predict the connect type of the coupling reaction:
the coupling reaction occurs at the atoms with high spin densi-
ties.12 We used density functional theory (DFT) at B3LYP/6-
31G(d) level for calculating the atomic spin density of each
carbon atom and the results are demonstrated in Scheme 2. The
carbon atoms at positions 6 and 8 of the monomer are most
reactive for coupling, position 6 being slightly more favorable.
Therefore, the dimers were most likely formed through 6–60, 6–80
or 8–80 coupling, and 6–60 coupling is dominant. These results are
consistent with the reactivity of pyrene whose positions 1, 3, 6
and 8 are the active sites.13 Besides, position 5 of MOPr also has
a relatively high spin density, which is quite different from that of
pyrene molecule (Fig. S2†), indicating that the alkoxyl group has
a remarkable influence on the electron distribution in pyrenyl
ring.Scheme 2 Calculated spin density of MOPrc+ and MOPr2c
+.
This journal is ª The Royal Society of Chemistry 2010
Fig. 4 Calculated molecular structure of MOPr2.
Fig. 6 Normalized excitation and fluorescence spectra of 2  105 M













































View Article OnlineSecond, the spin densities on the 6,60-dimer radical cation
(MOPr2c+) were calculated, and the results revealed that its
position 3 is the most reactive site. However, the spin density
values in the dimer radical cation are much lower than those in
the monomer radical cation, because an electron is delocalized in
an expanded conjugated structure. This explains why it is hard to
obtain poly(methoxyl pyrene) with high molecular weight: the
delocalization effect decreases the reactivity of the radical
cationic oligomers and also reduces the possibility of chain
elongation.
The optimized structure (B3LYP/6-31G*) of MOPr2 is shown
in Fig. 4. According to the calculation results, the dimer has
a large dihedral angel of 69.8 between two neighboring pyrenyl
planes due to the repulsion of hydrogen atoms at positions
5 and 7. This value is close to that of oligopyrene.3a We further
calculated the potential energy curve of OMOPr during the
rotation of the C6–C60 bond, which can be used to estimate
the rigidity of the OMOPr backbone, and the results show that
the rotation of C6–C60 is rather difficult (Fig. S3†).14 An energy
barrier of 8.7 kJ mol1 is needed to change the dihedral angel
from 70 to 45, and 76.3 kJ mol1 is required to change the
stable conformation into a fully co-planar structure. These
values are much higher than those of polythiophenes.14a There-
fore, the OMOPr chain is rigid and the torsional angle of
neighboring pyrenyl rings is limited in a narrow range.Spectral properties of OMOPr
Fig. 5 demonstrates the UV-visible spectra of the THF solutions
of MOPr and OMOPr. The spectrum of MOPr is different from
that of pyrene,2a because the conjugation of the oxygen atom
altered the energy level of the pyrenyl ring and the oscillator
strength of each electron transition. In comparison with that of
MOPr, the absorption maximum of OMOPr solution red-shifted
from 346.5 to 369 nm, indicating the enlargement of theFig. 5 UV-visible spectra of 1.34 106 M THF solutions of MOPr and
OMOPr.
This journal is ª The Royal Society of Chemistry 2010conjugated system. From the onset of the absorption spectrum,
the energy gap of OMOPr was calculated to be 2.8 eV.
Furthermore, it is noted that the vibration structures can be
observed from the absorption spectrum of OMOPr solution even
at low concentration. This is mainly due to the OMOPr chains
being rather stiff, leading to very limited conformations even in
dilute THF solutions.15
The OMOPr solution can emit bright blue fluorescence light
with a fluorescence quantum yield (ff) of 0.77, while the ff of
MOPr is only 0.61. The fluorescence excitation and emission
spectra of MOPr and OMOPr are shown in Fig. 6. There is
a large stokes shift between the excitation and emission bands of
MOPr, indicating the structure of MOPr in the excited state
differs from that in ground state. This is possibly due to the
conjugation of oxygen atom or solvation effect in the excited
state. The emission maximum of OMOPr (456 nm) showed
a 70 nm red-shift compared with that of MOPr (386 nm). No
vibration structures were found from the emission bands of
OMOPr, reflecting that the oligomer chain in excited state has
diverse conformations.15
Fig. 7 shows the normalized UV-visible and fluorescence
spectra of 5  105 M OMOPr in seven different solvents
(the original emission spectra are shown in Fig. S4†). The overallFig. 7 Normalized UV-visible and fluorescence spectra of 5  105 M
OMOPr in seven different solvents.
J. Mater. Chem., 2010, 20, 2993–2998 | 2995
Fig. 9 The images of an OMOPr test paper in dry air or in toluene vapor













































View Article Onlinefeatures of the absorption spectra are almost the same, indicating
the conformation of the OMOPr molecule in the ground state is
fixed due to the high rotational energy barrier. However, the
fluorescence spectra exhibit an obvious solvatochromic effect.
For example, the emission maximum of OMOPr in hexane is at
441 nm while that in acetone is at 464 nm. The solvent-induced
shift in emission band can be explained as the result of the solvent
polarity change, which alters the energy levels of the excited
OMOPr.16 Since excited molecules usually exhibit a larger dipole
moment, solvents with large polarity can effectively lower the
energy, leading to a red-shift of the emission band. It is also clear
from Fig. 7 that ethanol and diethyl ether, two polar solvents, do
not lower the emission energy of excited OMOPr dramatically as
expected. This is possibly due to these solvents having a much
stronger interactions with methoxyl substituents than those with
pyrenyl rings of OMOPr chains.
Although the OMOPr solution is fluorescent, the emission of
its solid film is weak. To investigate the fluorescence quenching
process, the fluorescence spectra of OMOPr in different THF–
water mixed solvents were recorded. As shown in Fig. 8, with the
addition of water to a THF solution, the emission band of
OMOPr shifted to longer wavelengths. This phenomenon is
attributed to the polarity increase of the solvent lowered the
energy of OMOPr in excited state. However, when the water
content was increased to 70% (by volume), the fluorescence
intensity decreased dramatically, due to the aggregation of
OMOPr chains in their poor solvent. Further increases to the
content of water led to an extensive quenching of the emission. In
the solvent containing 80% or 90% water, the emission at
460 nm disappeared while a new weak emission band at
600 nm emerged (inset of Fig. 8). Since the excitation spectrum
monitored at 600 nm is the same as that detected at 460 nm
(Fig. S5†), it is reasonable to attribute this new emission to
excimer species. The spectral results described above indicate
that the fluorescence quenching of the OMOPr film resulted from
its chain aggregation.Fluorescence sensing
Detection of volatile organic compounds (VOCs) is of special
importance because their vapors are both toxic and explosive,
and colorimetric sensors based on conjugated polymers were
reported to be able to detect and distinguish VOC.17 TheseFig. 8 Fluorescence spectra of 5  105 M OMOPr in mixed solvents of
THF and water. Inset: fluorescence spectrum of OMOPr in mixed solvent
containing 80% or 90% water (by volume).
2996 | J. Mater. Chem., 2010, 20, 2993–2998sensors undergo color changes upon contact with VOCs. On the
other hand, fluorimetry is considered to be a sensitive technique
for detecting various analytes, and a turn-on process is favorable
for fluorescence colorimetric sensing. In this case, the detection
of small signal increases from a very low initial level is easier, and
the measurement of the emission band shift will not be interfered
with by the background signal.18 On the basis of the sol-
vatochromic effect and the unique chain structure of OMOPr
film, a ‘‘turn-on’’ fluorescence sensor was fabricated for detecting
volatile aromatic compounds (VACs), a family of VOCs. As
shown in Fig. 9, a fluorimetric test paper was prepared by
soaking a filter paper with OMOPr solution and then dried in air.
The dry test paper showed weak emission under irradiation with
a 365-nm UV light (Fig. 9, left). However, the fluorescenceFig. 10 (A) Fluorescence spectra of an OMOPr thin film after exposure
to air or various saturated organic vapors. (B) Relative fluorescence
intensity of an OMOPr thin film in different saturated organic vapors and
relative fluorescence recovery efficiencies (the ratio of fluorescence
intensity to saturated vapor pressure) of these vapors. Samples: 1, xylene;
2, toluene; 3, benzene; 4, tetrahydrofuran; 5, chloroform; 6, ethyl acetate;
7, methanol; 8, ethanol; 9, iso-propanol; 10, hexane; 11, dichloromethane;
12, carbon tetrachloride; 13, diethyl ether; 14, acetone; 15, acetonitrile.













































View Article Onlineintensity of the test paper increased dramatically and rapidly
after contacting with a saturated vapor of toluene, a typical VAC
(Fig. 9, right). This is due to solvation and dissociation of
OMOPr aggregates by adsorbed toluene molecules. Therefore,
this test paper is a naked-eye sensor for detecting toluene vapor.
As mentioned above, the emission band features of OMOPr
solutions strongly depend on their solvent properties. Therefore,
it is possible to distinguish various VOCs based on the fluores-
cence spectral changes of OMOPr films upon exposure to their
vapors. Fig. 10A represents the fluorescence spectra of an
OMOPr film in air and those in the vapors of five typical VOCs.
Fig. 10B depicts the fluorescence intensities of an OMOPr film in
15 VOC vapors. To evaluate the fluorescence enhancing ability of
each solvent vapor, fluorescence enhancing efficiency (hf) is
defined as the ratio of fluorescence intensity to saturated vapor
pressure of a given organic solvent.19 One can see from Fig. 10
that the VACs including xylene, toluene and benzene exhibit the
highest hf values. Therefore, we can simply distinguish VACs
vapors from the other organic vapors. Since the fluorescence
quantum yield of OMOPr in these solvents varies only in a rela-
tive small range (0.5–1) according to the band areas of the
fluorescence spectra (Fig. S4†), the fluorescence intensity of
solvated OMOPr film must be governed by the amounts of
fluorescent isolated OMOPr molecules. Aromatic molecules have
strong p–p interactions with the pyrenyl rings of OMOPr,
facilitating their molecular adsorptions in the film and the
dissociation of OMOPr aggregates. Therefore, the selectivity of
OMOPr film towards VACs vapors relies on its large aromatic
pyrenyl rings, which provide selective affinity to VACs.
Experimental
Materials
1-Bromopyrene was purchased from Pacifichem (China), and
tetrabutylammonium tetrafluoroborate (TBATFB) was bought
from Aldrich. All the other solvents and chemicals were the
products of Beijing Chemical Plant. Acetonitrile and tetrahy-
drofuran (THF) were dried by refluxing with calcium chloride
and sodium, respectively, and distilled before use. Other reagents
were used as received without further purification.
Synthesis of OMOPr
The synthesis route of OMOPr is depicted in Scheme 1. 1-
Methoxyl pyrene (MOPr) was synthesized according to the
literature,9 and its structure and purity were examined by NMR
(Fig. S1†). OMOPr was prepared by electrochemical polymeri-
zation. In a typical experiment, an acetonitrile solution con-
taining 0.02 M MOPr and 0.1 M TBATFB was used as the
electrolyte. The electrolyte was deoxygenated by bubbling
nitrogen gas and a slight over-pressure was maintained during
electrosynthesis. A conductive indium tin oxide glass (ITO, 1 cm
 1 cm) and a platinum sheet (1 cm  1 cm) were used as the
working and counter electrodes, respectively. All the potentials
were referred to an Ag/Ag+ electrode. OMOPr was polymerized
potentiostatically at voltage of 0.75 V for 24 h. After the poly-
merization, the dark brown solid was collected from the working
electrode, and stirred in hydrazine solution in ethanol for 9 h.
The reduced OMOPr was then filtered and purified using a silicaThis journal is ª The Royal Society of Chemistry 2010gel column (eluant ¼ 1 : 1 hexane : dichloromethane). Finally,
the oligomer was further purified by precipitating from its
concentrated dichloromethane solution with hexane, and dried in
vacuum.
Fluorescence measurement
The fluorescence quantum yields (ff) of MOPr and OMOPr were
measured by using quinoline sulfate in 0.1 M H2SO4 as the
reference (ff350 ¼ 0.577, ff365 ¼ 0.53).20 For the sensing test, the
thin film of OMOPr was prepared by spin-coating its THF
solution (5  105 M) onto a quartz slice at a spin rate of
400 rpm. The fluorescence spectrum of the film was measured
with the OMOPr coated quartz slice placed in a conventional
fluorescence cuvette. To measure the fluorescence spectra of the
film in a given organic vapor, several drops of the solvent was
dropped onto the bottom of the cuvette. Then, the quartz slice
with OMOPr film was inserted in the sealed cuvette to contact
with the saturated vapor. The fluorescence spectrum of OMOPr
in the vapor was recorded as the spectral intensity became stable.
Instruments and characterization
The electrochemical experiments were performed on a 440A
(CHI, USA) potentiostat under computer control. Ultraviolet-
visible (UV-vis) spectra were recorded on a U-3010 (Hitachi,
Japan) UV-visible spectrometer, and the fluorescence spectra
were measured on a LS-55 (Perkin Elmer, USA) spectrometer.
1H-NMR spectroscopy was carried out on a JNM-ECA300
NMR spectrometer (JOEL, Japan). MALDI-TOF mass spec-
trometry was carried out by using a BIFLEXIII mass spec-
trometer (Bruker, USA).
Conclusions
In summary, we have synthesized OMOPr by facile electro-
chemical polymerization. Theoretical study indicates that the
polymerization occurs at positions 6 and 8 of the monomer. The
bond rotation between adjacent pyrenyl rings of an OMOPr
chain is difficult due to a high energy barrier. OMOPr solutions
have high fluorescence quantum yields, but its film is non-emis-
sive. The fluorescence of an OMOPr thin film can be enhanced
upon exposure to organic vapors, especially, to aromatic solvent
vapors. The selectivity towards aromatic solvents is attributed to
the strong p–p interaction between the pyrenyl rings of OMOPr
and the aromatic solvent molecules.
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